Conductive polymer composites (CPCs) consist of a polymeric matrix and a conductive filler, for example, carbon black, carbon fibers, graphite or carbon nanotubes (CNTs). The critical amount of the electrically conductive filler necessary to build up a continuous conductive network, and accordingly, to make the material conductive; is referred to as the percolation threshold. From technical and economical viewpoints, it is desirable to decrease the conductive-filler percolation-threshold as much as possible. In this study, we investigated the effect of polymer/conductive-filler interactions, as well as the processing and morphological development of low-percolation-threshold (Φc) conductive-polymer composites. The aim of the study was to produce conductive composites containing less multi-walled CNTs (MWCNTs) than required for pure polypropylene (PP) through two approaches: one using various mixing methods and the other using immiscible polymer blends. Variants of the conductive PP composite filled with MWCNT was prepared by dry mixing, melt mixing, mechanofusion, and compression molding. The percolation threshold (Φc) of the MWCNT-PP composites was most successfully lowered using the mechanofusion process than with any other mixing method (2-5 wt%). The mechanofusion process was found to enhance formation of a percolation network structure, and to ensure a more uniform state of dispersion in the CPCs. The immiscible-polymer blends were prepared by melt mixing (internal mixer) poly(vinylidene fluoride) (PVDF, PP/PVDF, volume ratio 1:1) filled with MWCNT.
Study on lowering the percolation threshold of carbon nanotube-filled conductive polypropylene composites
Introduction
Conductive polymer composite (CPCs) are obtained by blending conductive fillers such as carbon black, carbon fibers, graphite and carbon nanotubes [1] [2] [3] [4] [5] . Table 1 shows the properties of various conductive carbonaceous fillers used to make CPCs [6] . In recent years, CPCs have been widely used in positive temperature coefficient materials, electrostatic dissipation, and electromagnetic interference (EMI) shielding due to their good electrical conductivity, light weight, and corrosion resistance. Fig. 1 shows that the major applications for electrically conductive polymers or composites depend upon the magnitude of the electrical conductivity. A conductive composite can be used as an antistatic material if its surface electrical conductivity is higher than 10 -12 S/cm. When the surface electrical conductivity of a composite is higher than 10 -10 S/cm, it can be used for electrostatic discharge. A composite can be used as shielding for electromagnetic or radio-frequency interference if the surface electrical conductivity is higher than 10 -6 S/cm. Providing the amount of conductive filler required to achieve a sufficient level of electrical conductivity often leads to processing difficulties and brittle composites [7, 8] . From technical and economical viewpoints, it is desirable to decrease the conductive-filler percolation-threshold as much as possible.
on achieving a low percolation threshold for conductive CNTpolymer composites with two different approaches: an immiscible polymer blend and a mechanofusion technique. Immiscible polymer blends involve the concept of 'double percolation', in which the percolation of the CNT occurs in a phase that is also continuous, thus creating a second percolation. In other words, the blend showed that the selective localization of CNTs in one polymer phase from a co-continuous blend, could reduce the amount of CNT needed for percolation.
Modern materials technologies increasingly call for ultra-fine particles to be handled and modified in a targeted manner. Customized physicochemical properties of individual particles form the basis for highly developed functionality of raw materials. In order to influence the function of the particles, it is possible to combine the material properties of different components with one another. This is accomplished by mechanically "fusing" individual particles which have different properties (e.g., hardness, chemical resistance, conductivity, and color). With reference to the process described here, we have termed this fusion of individual particles "mechanofusion." Put simply, this is a process during which powders and powder mixtures are stressed by mechanical energy introduced from outside. This leads in the first instance to intensive de-agglomeration and blending, then to a convergence of the particles being combined with subsequent adhesion, and finally, to fusion.
In this study, two different approaches (immiscible polymer blend and mechanofusion process) were used to make CPCs with a low concentration of conductive filler.
Experimental Procedures

Materials
Polypropylene (PP) has been widely used as a polymer matrix to fabricate electrical conductive composites. Powdery isotactic PP (Samsung Total Petrochemicals Co., Korea) in the form of almost spherical particles (200-500 μm average particle size) and powdery poly(vinylidene fluoride) (PVDF, Kynar 721 grade, Akema Inc.) with an average particle size of 1 μm, were used as the polymer matrix. As conductive filler, MWCNT (Nanotube Research Laboratory, Korea University, Korea) were synthesized by thermal-chemical vapor-deposition of ethylene gas at 700°C with Fe-Mo/Al 2 O 3 as catalysts. Purity of the MWCNT, as received, was 95%. Scanning electron microscopy (SEM) examination revealed that the MWCNTs were entangled and partly conglomerated. The average diameter of the MWCNT ranged from 10 to 20 nm while their lengths were 10-50 μm.
Composite preparation
2.2.1. MWCNT acid-treatment To eliminate impurities in the MWCNT, 20 mg of MWCNT were poured into a 500 mL beaker containing 100 mL of aqua regia (a mixture of 98% sulfuric acid and 68% nitric acid, 3:1 by volume) at 25°C for 2 h. After being washed with distilled water until a neutral pH was maintained, and then freeze dried for 24 h, the acid-treated MWCNTs were obtained. These acid-treated MWCNTs were used to prepare all the conductive-polymer composite samples.
In order to get conductive materials at very low loading levels, workers in several studies showed that introducing carbon nanotubes (CNTs) into polymeric matrixes was very effective [9] . This was due to its excellent electrical properties in combination with its very high aspect-ratio (as high as 1000 for multiwalled CNT [MWCNT]), which enabled percolation of the conductive fillers at low concentrations [10, 11] . There are several ways to decrease the percolation threshold of CNT in polymers, mainly based on the use of additives, the optimization of processing conditions, and managing the size distribution [12] [13] [14] .
Traditional polymer processing methods, including extrusion and injection molding, can be utilized. In this study, we focused http://carbonlett.org cations on each specimen. The results were used to calculate an average value. The average resistivity was then converted to average conductivity [15] .
Shear viscosity
Melt rheological properties were obtained with an ARES oscillatory rheometer (Rheometric Scientific Co.) at 190°C in nitrogen, using a plate-plate geometry with a plate diameter of 25 mm. The determination of rheological characteristics of all samples was performed by applying polymer-sheet samples with a thickness of about 2 mm. Frequency sweeps were performed between 0.1 and 100 rad/s at strains within the linear viscoelastic range. Repeat sweeps with increasing and decreasing frequency were performed in order to check the sample over time. Shear viscosity was measured in triplicate, and the results were used to calculate an average for all the composite samples.
Raman spectroscopy
FT-Raman measurements were performed using an RFS-1000/s (Bruker, Germany). Laser light of 1064 nm from a Nd-YAG laser was used for excitation. A power density of about 0.5 mW/cm 2 was used to avoid blackbody radiation arising from the black CNTs.
Results and Discussion
Morphology of MWCNTs
Field emission-SEM images of as-received MWCNTs, acid treated MWCNTs and mechanofused MWCNTs are show in Fig.  2 . As shown in the SEM images, the as-received MWCNTs are highly entangled and densely attached each other. However, the acid treated MWCNTs and mechanofused MWCNTs are less entangled and more separate (Fig. 2b) . The acid-treatments are known to shorten the length of the MWCNTs and to introduce hydroxyl functional groups to the MWCNT walls. The nanotubes are not coiled but generally curved. The length of the nanotubes was difficult to determine definitively due to the entangled arrangement, but are at least on the order of microns. Furthermore, on comparing Fig. 2a with Fig. 2c , it was found that the typical agglomerate size had decreased from several tens to a few microns after the mechanofusion process. The surface morphology of the mechanofused MWCNTs seems not as loose as that of the asreceived MWCNTs. The mechanofused MWCNTs exhibit a significant decrease of agglomeration. This indicates that the outer surfaces of the nanotubes were partially cut and destructed during the mechanofusion process. To supporting this observation, Raman spectroscopy measurement was carried out.
SEM images of the results from conventional dry mixing and the mechanofusion process are shown in Fig. 3 . As seen in Fig. 3a , after conventional dry mixing of MWCNT and PP particles, only a little of the MWCNT adhered onto the PP particles. In Figs. 3b-d, the MWCNT coated the PP particles efficiently. In other words, mechanofusion was a suitable method to make hybrid-PP particles coated with MWCNTs. It was also found that MWCNTs could be shortened efficiently by the mechanofusion technique. The addition of PP could increase the cutting efficiency and shorten the lengths of the MWCNTs. The cutting mechanism in the above-mentioned 2.2.2. Mixing techniques 1) Conventional dry mixing. Each MWCNT and powdery PP were dry-mixed in a high-speed mixer for 2 min.
2) Immiscible polymer blend. The following procedure was followed in order to determine the thermodynamically-driven MWCNT migration in polymer blends during melt blending. First, PP, PVDF (volume ratio 1:1), and MWCNT were mixed in an internal mixer at the same time at 180ºC for 10 min, the screw rotating speed being 60 rpm. Next, PP (or PVDF) and MWCNT were mixed in an internal mixer at 180°C, with a screw-rotating speed 60 rpm for 4 min. Then PVDF (or PP) was quickly added and mixed for 6 min. The final blends were compression-molded into 1 mm thick sheets using a tetrahedron at 180ºC.
A polymer blend of PP with PVDF (volume ratio = 1:1) containing 1-20 wt% MWCNT were prepared by melt-mixing in an internal mixer. The influence of the blending procedure on the electrical properties of the blends was investigated using three modes of ingredient incorporation for addition of MWCNT to the polymer blend.
3) Mechanofusion. The MWCNT/PP composite samples were prepared by mechanofusion according to the dry-particle coating method. The MWCNT and PP powders were pre-mixed using a high-speed mixer for 2 min, and then the mixture was treated with a mechanofusion system (AMS-mini, Hosokawa Micrometer Corp.) at a chamber-rotation speed of 2500 rpm for 15 min. The gap distance between the inner chamber wall and an arm-head was set to 1 mm. Particles were pressed onto the inner wall by centrifugal, compression, and shearing forces.
All the final composites were compression-molded using a tetrahedron at 180°C, under a 3 klbf pressure, into sheets about 1 mm thick.
Measurements
Microscopy
The morphology of the polymer blends and distribution, as well as the dispersion state of the MWCNT in the polymer matrix, was observed by optical microscopy (OM) and SEM operated at high voltage (10 KV) after Pt coating. The composite samples for microscopy were prepared by microtome at room temperature.
Electrical conductivity
The CPC samples were of length 70 mm, width 20 mm, and thickness ~1 mm. The electrical conductivity of the composite was measured through the vertical thickness of the composite sheets by the standard, four-point-probe method. A DC precision power source (Keithley, Model 6280) and nano-voltmeter (Keithley, Model 2182A) were used for all measurements. An electrical current of 1 mA was maintained in all measurements. Values of the volume electrical conductivity, σ, were obtained by simply inverting the corresponding values of the resistivity as follows:
Six bar-specimens of each composite material were tested and six repeated measurements of the volume resistivity were done for each of them by the four-point-probe method at different lo-MWCNTs was higher than that for acid-treated MWCNTs and as-received MWCNTs. This observation indicated that the extent of defects of the acid-treated MWCNTs was less than that of the mechanofused MWCNTs.
Dispersion of the MWCNTs in the composite was examined using OM, as shown in Fig. 5 . We obtained short MWCNTs from a homogeneous and stable dispersion. Highly entangled clusters and segregated-phase nanotubes are shown on the surface of the composite formed by conventional dry mixing Fig. 5a ; whereas, the mechanofused MWCNTs were uniformly dispersed and able to make a three-dimensional conductive network, as seen in Fig.  5b . Based on these findings, it can be said that disentanglement of the MWCNTs is effectively obtained by using the mechanofusion process.
process is thought to be as follows: the mechanical forces, such as the shear force and compression force coming from the arm head and rotating chamber revolving face-to-face at high speeds, played the key role in the direct cutting of MWCNTs and embedding the MWCNT in the polymer matrix.
The Raman spectra in Fig. 4 show two major peaks in the high frequency range: the tangential mode or so-called graphite or "G" band at 1585 cm -1 and the "D" band assigned to carbonaceous compounds or defects in nanotubes at 1353 cm -1 [9] . The intensity-ratio of D-band over G-band in the mechanofused http://carbonlett.org for all three modes of incorporation. At low MWCNT loadings, the electrical conductivity remained similar to that of the pure PP. Between 2 and 5 wt%, the conductivity took a sizeable step of 8-10 orders of magnitude, a percolation threshold around 5 wt%. After that, increase in the conductivity with further increase in the MWCNT concentration slowed. The melt-mixing procedure and polymer ratio, as well as the MWCNT loading and susceptibility; affect the phase morphology and preferential MWCNT location, which determine the blend resistivity level. When the PP content was sufficient to allow for the formation of sufficiently dispersed PP particles with MWCNT located in their phase, conductivity was enhanced.
Morphology of the PP-PVDF-MWCNT blends
Figs. 7a and b show SEM images of microtome sections of the MWCNT-filled PP-PVDF blend containing 10 wt% MW-CNT. It is very clear that a two-phase structure is present and that MWCNT is only localized in the PP phase. The compression molding of polymers is a processing technique which is conducted in the absence of shear stress so that the opportunity for the MWCNT to penetrate the viscous polymer phases is severely restricted. The MWCNTs are then expected to remain localized
Electrical conductivity and morphology of the immiscible polymer blends
Electrical conductivity of the PP-PVDF-MWCNT blends
The aim of mixing PVDF with an MWCNT-filled PP material was to form a co-continuous phase structure between both polymeric components such that the filled PP formed a continuous phase, acting as an electrical pathway throughout the same volume. In addition, the influence of the blending procedure on the electrical properties of the blends was investigated using three modes of incorporation: (PP+PVDF+MWCNT), (PP+MWCNT) + PVDF, and (PVDF+MWCNT) + PP. These composites were prepared under the same conditions as their blend. The electrical conductivity of the composites was a function of the weight fraction of MWCNTs. The electrical conductivity of different compositions of PP-PVDF blends for various modes of MWCNT incorporation are shown Fig. 6 . The electrical conductivity of the resulting composites was almost the same cal conductivity of the MWCNT-mechanofused-PP-composite is lower than that of the composite prepared by conventional dry mixing. Because the structural defects of the MWCNTs were slightly increased using mechanofusion, this lead to lower electrical conductivity.
Assuming a 1000 aspect ratio, theoretical calculations for cylindrically-shaped fillers predicted that the onset of percolation of polymer-MWCNT composites would begin at ~0.05 vol% filler concentration. Experimentally, percolation concentrations as low as 0.04 wt% for epoxy-MWCNT composites and 0.05 wt% for PP-MWCNT film [9] have been reported along with percolation behavior in the range of 1-5 vol% MWCNT for most of the polymer-MWCNT composites. In fact, most polymer-MWCNT composites have been prepared by solventassisted processes such as solution mixing or in-situ polymat the frontier of the original polymer grains and thus to percolate along this specific boundary, depending on the ternary blend composition and fineness of dispersion. The MWCNTs are thermodynamically driven to this PP phase. The conductive fillers observed to accumulate in the one-polymer-phase depend on the rheology of the polymer blend under the processing conditions. The formation of co-continuous structures in melt-mixed blends primarily depend on the viscosity and elasticity ratios between the blend components, under the mixing conditions; whereas the interfacial tension is mainly related to the stability of the morphology. To achieve continuity of the PP, the PP phase should have a melt viscosity lower than that of PVDF under the given mixing conditions. The viscosity curves of the PP, PVDF and PP-PVDF blends are shown Fig. 8 at 180°C . The higher melt viscosity of the PP-PVDF blend, at very low oscillation frequencies relative to its constituting components, is already indicative of the formation of a co-continuous structure.
Electrical conductivity and morphology of MWCNT-filled PP-composite formed using the mechanofusion technique
Electrical conductivity of the MWCNT-PP composite
The electrical conductivities of MWCNT-filled PP composites were measured by the four-probe method. A significant difference between conventional mixing and the mechanofusion process was observed in their electrical conductivity. Fig.  9 shows the conductivity of polymer composites at different loadings of MWCNT. Polymer composites made with different processing methods, with the same MWCNT loading, showed different conductivity, which was related to the morphology of the MWCNT in the polymer matrix. It was noticeable that even though all the polymer composites had the same MWCNT content (5 wt%), the PP-composites displayed different conductivity. As seen Fig. 9 , the percolation threshold for conventional dry mixing clearly occurs around 5-10 wt% of MWCNT. In contrast, the percolation of composites prepared by the mechanofusion process occurred around 2-5 wt% of MWCNT. The percolation threshold of the PP-MWCNT composites were successfully lowered using the mechanofusion process. However, the electri- http://carbonlett.org blends are considered, the percolation threshold depends strongly on the phase morphology and distribution of MWCNT in the polymer blend. The immiscible polymer blends were intended to form a co-continuous structure. The MWCNT selectively localized the continuous PP phase such that the MWCNT-filled PPphase acted as an electrical pathway through the blends.
The percolation threshold of the MWCNT-filled PP-composites can be dramatically reduced by using this polymer blend system and mechanofusion technique. Mechanofusion was found to enhance the formation of the MWCNT-network structure and lead to more uniform dispersion. As a result, the percolation threshold of PP-MWCNT composites were successfully lowered using mechanofusion and immiscible polymer blends. erization in solvent, to alleviate the interfacial repulsive force between MWCNT and the polymer matrix. In terms of mixing efficiency, the solvent-assisted process is superior to melt mixing, since there is a large discrepancy in viscosity between MWCNT-nanotubes and polymer melt as well as a lack of interfacial mediation between the two immiscible phases. It is inevitable that better dispersion of the MWCNT in solution, resulted in lower percolation concentration and conductivity. On other hand, the mechanofusion process has advantages of simplicity (needs no solvent), environmental friendliness and continuity that are applicable to conventional systems. Although not the lowest value reported [16] , the percolation threshold of ~3 wt% MWCNT (using the melt-mixing process) in our study is appreciated to present electrical performance suitable to applications such as electrostatic dissipation, electrostatic printing and EMI shielding [17] . In the light of these facts, our preliminary work is thought to reveal the great potential of this mechanofusion technique for mass production of polymer-MWCNT composites for industrial applications. Fig. 10 shows scanning electron micrographs of the cryofracture surface of the MWCNT-filled PP-composites containing 2 and 5 wt%, respectively. It is noted that there are conductive pathways in the MWCNT-PP composite in Figs. 10b and d. MWCNTs are forced into conductive pathways at low concentration because of their inability to occupy volume already filled by the much larger polymer particles. There appears to be good qualitative agreement between our experimental findings and current models dealing with segregated microstructure. The difference in morphology of the MWCNT-PP composite results from the segregated microstructure induced by the composite during the mechanofusion process. With the morphological features described in Fig. 10 , it can be concluded that the mechanofusion technique was for more effective than the conventional dry-mixing method in improving electrical and dialectical properties of composites prepared by the melt-mixing process. The cause was that the mechanofused MWCNT enhanced the formation of the electrical-network structure, and was dispersed more uniformly in the polymer matrix than for conventional dry mixing of MWCNT. As a result, mechanofusion lead to a lowered percolation threshold as conductive pathways were formed at lower filler concentrations.
Morphology of MWCNT-PP composite
Conclusions
The critical amount of electrically-conductive filler necessary to build up a continuous conductive network, and accordingly, to make the material conductive is referred to as the percolation threshold. In this study, we focused two different approaches (immiscible polymer blending and a mechanofusion technique) on achieving a low percolation threshold in conductive MW-CNT-polymer composites. Moreover, we investigated the effects of different processing methods on the morphological development and percolation threshold of the resulting composites.
The percolation threshold was reduced by using an immiscible polymer blend (PP-PVDF 1:1 vol%). This may be due to the formation of a co-continuous network structure. When binary
